Within a paradigm of designing building structures for their end-of-life deconstruction, this paper addresses flush end plate beam-to-column composite joints that may be disassembled and reused elsewhere. The joints consist of steel beams bolted to steel columns, and these are made composite over the joint with precast concrete slabs attached to the top flange of the steel beams with post-tensioned high strength bolted shear connectors installed in clearance holes. Joints of this type experience partial shear connection, and accordingly their design needs to incorporate this effect. Experimental work reported elsewhere by the authors shows that a structural system of this type may indeed be deconstructed, even when loaded beyond the serviceability limit state, and that the momentrotation response is both robust and ductile. A numerical modelling procedure using ABAQUS software is introduced in the paper, and the results of this are used identify the parameters most influential in the structural response, and to propose equations for the initial stiffness, moment capacity and rotation capacity of a joint. These equations are consistent with the component-based representation of the Eurocode 4 and Australian AS2327 composite structures standard.
Introduction
The favourable attributes of constructing steel-concrete composite framed buildings for deconstruction and material reuse are manyfold. It has been shown that by using precast concrete slabs with post-installed tensioned friction-grip bolted shear connectors (PFGBSCs) to connect them to steel beams allows for robust composite action, as well as for deconstruction by unbolting the shear connectors at the end of the structural life of the building [1] [2] [3] [4] [5] . In regions of hogging bending at a column ( Fig. 1) , the use of flush end plate bolted connections also allows for unbolting to expedite deconstruction [6] [7] [8] .
While experimental tests have provided both proof of concept and data bases for calibrating associated numerical models of such framed structures [8] , structural design guidance is needed in codified formats for engineering practitioners. A popular technique used in the Eurocodes EC3 [9] and EC4 [10] is the component-based method [11] , which provides a good balance of accuracy and simplicity. The aim of the current paper is to develop such a model for deconstructable flush end plate beamto-column composite joints, based on a numerical model validated by experiments. The equations developed fit well within the design procedures of EC4 [10] and the Australian AS2327 [12] . 
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Computational modelling
The structural behaviour of full-scale beamto-column joints with deconstructable PFGBSCs and precast concrete slabs subjected to static loading has been investigated with a threedimensional FE model [8] using ABAQUS/CAE software [13] , and the various components of the joint are shown in Fig. 2 . Material and geometrical non-linearities as well as the nonlinearity associated with contacts/interfaces were incorporated in the model. Because of the symmetry of the specimens and loading, only half of each joint was considered as illustrated in Fig. 3 . The procedures for the modelling, material constitutive relationships, constraints, boundary conditions, meshing, contacts, and load application are presented in detail in [8] , as well as validation of the model. Accordingly, the current paper focuses only on using the model in [8] to provide the data for validating the component-based approach.
Based on the parametric study used for the component model, the most influential parameters that influence the behaviour of the deconstructable composite joints were identified. A 67% shear connection ratio, 0.70% reinforcing ratio, 460UB82.1 steel beam, 250 UC89.5 steel column, 120 mm precast concrete slab, 10 mm flush end plate and Grade 10.9 M24 bolt were adopted for the standard joint considered in the parametric study, but each respective property was varied.
Shear connection ratios (SCRs) of 34%, 54%, 67%, 101%, 108%, 162%, 170% and 162% were considered to investigate their effect at the interface between the precast concrete slab and the steel beam. The ratio of the shear connection between the steel beam and precast concrete slab was obtained by changing the number and size of the bolt shear connectors and their spacing along the composite beam length. To gain insight in to the effect of the spacing of the bolted shear connectors on the behaviour of composite joints with PFGBSCs and a precast concrete slab, three different spacings of the shear connectors (275, 550 and 1100 mm) were considered. Different reinforcement ratios of 0.36%, 0.43%, 0.51%, 0.60%, 0.70%, 0.80%, 0.91% and 1.03% were used to investigate their effect on the moment-rotation responses. The effect of the bolt size was determined using nine diameters : 12, 14, 16, 18, 20, 22 
Component-based modelling
The component-based method provided in EC4 [10] is extended herein to predict the initial stiffness of composite joints having PFGBSCs and a precast concrete slab. In this method, each component of the composite connection is represented by an elastic spring (Fig. 4 ) and the stiffness of the connection is assessed through 2018, Universitat Politècnica de València the assemblage of the components. The rebars, flush end plate, bolts in the tension zone, column flange and column web are the main components contributing to the initial rotational stiffness. An effective stiffness k eff for a bolt row can be obtained by combining the stiffness of the end plate in bending k 3 , bolts in tension k 4 , column flange in bending k 5 and column web in tension k 6 , in series. The stiffness coefficients of the column web in compression k 1 and column web in shear k 2 are assumed to be infinite due to the stiffened steel column and by the symmetric loading on the connection. The stiffness of the rebars k 7 is combined with k eff and a single equivalent stiffness coefficient k eq and its equivalent lever arm z eq is obtained. The initial stiffness of the composite joint can then be written as Table 1 with the FE results. It can be seen that there is good agreement between these two approaches for most of the models, but a large discrepancy can be seen for a few cases such as those having a high reinforcement ratio. Liew et al. [14] reached similar conclusions after comparing their composite joint test results with those predicted by the component method, as the component-based method provided 26 to 83% higher initial stiffnesses compared to their test results [14] . Comparisons between the results predicted by Ahmad and Nethercot's model [15] and the component-based method shows that except for some cases, both techniques appear to be appropriate to use for estimating the initial stiffness of a deconstructable composite joint. The moment capacities of composite joints with PFGBSCs and precast concrete slabs can be calculated using the concept of rigid plastic analysis. Anderson and Najafi [15] proposed an approach (Fig. 4) (Fig. 4) . In addition, y c is the depth of web in compression, being obtained from
Fig. 4. Moment capacity model.
The moment capacity determined from this method is compared with the FE results in Table  2 . It can be seen that good agreement between these two approaches is demonstrated for most of the models. However, there is a discrepancy for a few cases, such as those with very high reinforcement ratios or with very low degrees of shear connection. This is because the design method is not applicable to composite joints with an overly-low degree of shear connection, as its failure governed by fracture of shear connectors.
In order to incorporate the effects of partial shear connection in this method, the strength of the longitudinal reinforcing bars located in the precast concrete slab was limited by the shear strength of the bolted shear connectors. Because of this, based on the experimental results achieved by Ataei et al. [4] [5] [6] [7] , when the yield strength of the reinforcement (F rb ) is 1.5 times that of the shear strength of the bolted shear connectors (F bsc ), F rb can be obtained from
When the effect of partial shear connection is taken into calculation of the moment capacity of a composite joint with PFGBSCs and a precast concrete slab, the analytical model provides much closer results (the values in brackets) to the FE predictions. The assessment of the ductility of a composite connection is conducted by determining its rotation capacity. In addition, according to guidance given in EC4, if the minimum rotation capacity of a composite joint is larger than 30 mrad, the joint is deemed to be ductile and plastic analysis and design are permitted. Therefore, calculation of the rotation capacity with sufficient accuracy is needed.
Ahmad and Nethercot [16] proposed a model for the rotation capacity of a connection based on the deformation of the reinforcement and the top row bolts and the slip at the interface between the concrete slab and steel beam, being written as
where  rb is the elongation of the longitudinal reinforcing bars,  b the extension of the top row of bolts and s the final slip at the interface between the steel beam and concrete slab. These can be calculated from [4, 5] , where n is the number of bolt shear connectors present in the shear span.
The rotation capacities determined from this model are compared with the FE results in Table  3 . Good agreement between these two approaches is observable for most of the models, but there is a large discrepancy for a few cases such as those with very high reinforcement ratios or with high degrees of shear connection. This may be because fracture of the bolt in the connection zone, fracture of the flush end plate and the effect of the degree of shear connection are not considered in Ahmad and Nethercot's model. So as to incorporate the effect of partial shear connection in this method, the strength of the longitudinal reinforcing bars located in the precast concrete slab was limited by the shear strength of the bolted shear connectors. Accordingly, based on the experimental results obtained by Ataei et al. [4] 
rb . Table 3 shows that when the effect of partial shear connection is taken into account, the analytical model can provide closer results (values in brackets) compared to the FE predictions. 
Conclusions
This paper has used the methodology of a FE modelling reported elsewhere by the authors to assess a proposed component-based technique for designing deconstructable flush end plate beam-to-column composite joints. The numerical procedure is underpinned by ABAQUS software and its validity was also confirmed elsewhere by comparisons with test results. The FE procedure allows for a 605 Bradford, M.A., Ataei, A. and Liu, X. 2018, Universitat Politècnica de València substantial combination of parameters over a wide range of those met in practice.
It was shown that prescriptive models available in the literature and augmented appropriately provide a good balance of simplicity and accuracy. These models and their mathematical representation are consistent with techniques already used in codes of practice.
